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Abstract 

Thirty years of a deepening information paradox suggest the need to revise our basic 
physical framework. Multiple indicators point toward reassessment of the principle of 
locality: lack of a precise definition in quantum gravity, behavior of high-energy scattering, 
hints from strings and AdS/CFT, conundrums of quantum cosmology, and finally lack 
of good alternative resolutions of the paradox. A plausible conjecture states that the 
non-perturbative dynamics of gravity is unitary but nonlocal. String theory may directly 
address these issues but so far important aspects remain elusive. If this viewpoint is correct, 
critical questions are to understand the "correspondence" limit where nonlocal physics 
reduces to local quantum field theory, and beyond, to unveil principles of an underlying 
nonlocal theory. 
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Physics periodically confronts circumstances requiring major conceptual redirection. 
Thirty years of a deepening black hole information paradox strongly suggests it exemplifies 
such a confrontation. While the next conceptual step is not fully apparent, there are 
significant indications of the need to substantially revise local quantum field theory. 

The essential paradox is the statement that any proposal for the fate of information 
fallen into a black hole contradicts a cherished principle of physics. Hawking's proposal 
that black holes evaporate completely, destroying their information |l| not only eliminates 
unitary quantum evolution, but was also argued to imply massive violations of energy 
conservation, raising ambient vacuum temperatures to the Planck scale M p . If black 
holes instead cease evaporating near M p , leaving behind remnants, these should have 
infinite internal states encoding information from arbitrarily large initial holes. Stability is 
sacrificed: quantum arguments indicate remnants would be infinitely produced in generic 
physical processes. The third alternative - information is radiated long before this stage 
- apparently conflicts with macroscopic locality, since information must propagate outside 
the light cone.0 

The simplicity and depth of the paradox suggest comparison with other crises in 
physics and the birth of quantum physics seems apt. There physicists needed to abandon 
certain concepts of classical physics, particularly the notion of deterministic evolution on 
phase space. One is led to ask for current analogs. 

A sense has grown that macroscopic locality should not be a fundamental property of 
physics; early proposals in this direction include J7[||. There are several reasons to question 
locality: lack of a precise definition in quantum gravity - connected with the apparent 
absence of local observables; indications from high-energy gravitational scattering; hints 
from string theory, particularly AdS/CFT; conundrums of quantum cosmology; and finally 
the paradox itself and the appearance that other outs are even more radical. 

Locality is a basic axiom of quantum field theory(QFT), stated as commutativity of 
gauge-invariant local observables outside the light cone. In gravity, the problem begins in 
defining such observables. Any local operator transforms non-trivially under diffeomor- 
phisms 





so is not gauge-invariant. 
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The idea of relational observables traces through many works [10 -33] to Einstein; lo- 
calization is defined in relation to features of a background state - geometry or other field 
structure. One can apparently formulate diffeomorphism-invariant relational observables 
that reduce to local QFT observables when quantum gravity is irrelevant; such construc- 
tions were outlined in ||31|| . These proto-local observables have only limited locality, when 
the backreaction on the background is not too strong and other conditions are satisfied. 
Such limitations, relation to Copenhagen measurements, and the notion of an "ultimate 



detector," appear in [^TJ. Toy models for proto-local observables have been precisely 



formulated in two-dimensional gravity illustrating approximate localization and such 
limitations. These investigations suggest that locality is both relative and approximate. 

High-energy scattering also probes locality. Very general QFT assumptions, including 
locality, imply bounds on scattering cross sections. One is the Froissart bound 

a T = (const.) log D ~ 2 E (2) 

on the maximal growth with energy of the total scattering cross section. In contrast, strong 
gravitational effects, particularly black hole formation, indicate absorptive cross sections 
growing as the appropriate power of the Schwarzschild radius defined by the CM energy, 

a T oc Eds (3) 



in ^-dimensions. This rapid growth in size suggests nonlocal behavior|35 . 

In short, there is no apparent fundamental quantum-gravitational definition of locality 
analogous to that in QFT, and probing locality via scattering exhibits violation of quite 
generic bounds on local theories, corresponding to long-distance effects. 

String theory strongly suggests a non-local perspective, particularly through the pro- 
posed AdS/CFT correspondence PB[] . If this holds at the needed level of detail, it is in- 
trinsically nonlocal, as it describes D-dimensional string theory in AdS in terms of a 
(D — 1) -dimensional gauge theory residing on its boundary. A closely related generaliza- 
tion is the conjectured holographic principle^j^^% . One may divide this into two versions. 
The strong holographic principle asserts that physics in a region of spacetime is equiva- 
lently described by a theory on its boundary. A weaker version states that the number of 
degrees of freedom in a region is proportional to an appropriately-defined boundary area. 
Both conflict with local QFT. 
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As a proposed concrete realization of a non-local theory, string theory should be care- 
fully probed. So far it has resisted yielding clear explanations. AdS/CFT and related 
constructions represent the currently most promising non-perturbative framework. How- 
ever, at present AdS/CFT does not clearly reveal how one approximately recovers local 
physics at scales between the string length M s _1 and the AdS radius. AdS/CFT encodes a 



type of S-matrix[p8|, but so far its local detail is elusive. Assuming AdS/CFT accurately 
describes formation and evaporation of a small black hole, unitary evolution is expected. 
But we haven't yet understood approximately local (proto-local) string theory observables 
(though suggestions appear in @j). Thus string theory currently evades a central aspect 
of the paradox - reconciling observations of observers falling into a black hole with those 
of asymptotic observers. 

One can also investigate high-energy string scattering to probe locality. Consider 
two-string collisions at ultrahigh energy with gradually decreasing impact parameter. Any 
stringy nonlocality - e.g. from string extendedness - should reveal itself in significant 
corrections to QFT predictions. This might be expected when momentum transfers reach 
M s , or when the strings become appreciably stretched through mutual gravitation. How- 
ever, closer investigation [p9| , |35| , following |]40| - |45[| , suggests that the important corrections 
to local QFT occur when gravity gets strong, as the impact parameter approaches the 
Schwarzschild radius. These statements apparently indicate that a central question is 
breakdown of gravitational perturbation theory, and it is not clear how strings would pre- 
vent this breakdown nor clearly explain its outcome. Unfortunately, string theory currently 
remains remarkably moot on these vital issues. 

Whether or not described by string theory, it is very important to characterize possible 
nonlocality. More complete physical frameworks typically incorporate predecessors through 
correspondence. Specifically, any nonlocal framework should reduce to local and causal 
QFT in an appropriate limit. Understanding this limit is important. The uncertainty 
principle parametrizes the region where classical phase space yields to Hilbert space. In 
this spirit, one might ask when the Fock space of local QFT yields to something different. 
One approach is the "locality bound" proposal PB|J3^| , ^7| , ^5[] : local field theory ceases to be 
a good description for states of QFT such that gravitational backreaction becomes non- 
perturbative, roughly when a black hole is formed. A related but distinct criterion arises 
from information bounds of the holographic principle. 

One also should understand how nonlocal physics could address black hole informa- 
tion. Two alternatives appear. Consider the classical model of hydrogen, which becomes 
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singular when the electron spirals into the proton. Quantum mechanics avoids this break- 
down by replacing classical physics at much larger scales, the atomic radius - singular 
dynamics becomes irrelevant. Likewise local QFT could simply be an inaccurate descrip- 
tion of black hole interiors. Alternatively, local theory could exhibit explicit breakdown 
indicating the regime where replacement is needed. Investigating Hawking evaporation 
provides hints. Indeed, arguments have been given [|9 , |l| , |50 , |6| that the semiclassical ap- 
proximation, or 1/Mp expansion, breaks down in this context, due to significant couplings 
between fluctuations, at approximately the required time scalef^TJ. There may be other 
sources of semiclassical breakdown [|52| - |54"f . If QFT intrinsically fails, a parallel with the 
history of quantum mechanics is not exact. In either case, relevance of dynamics on horizon 
scales focuses attention away from the singularity - like with hydrogen. 

Either way, the correct viewpoint is proposed to be that the complete description 
of black holes is beyond local QFT just as complete description of hydrogen is beyond 
classical theory. This fits with a conjectured "nonlocality principle f5^,^6[," stating that 
the non-perturbative dynamics of gravity is unitary but nonlocal. If correct, we stand 
at a point similar to quantum theory pre-1925. We may roughly understand the domain 
where current theory fails, but not the underlying kinematics and dynamics, analogous to 
the wavefunction and Schrodinger equation. The central question is what characterizes a 
more complete nonlocal theory, especially if string theory doesn't suffice. Proposals include 
]5^,^6[; one can also seek clues from other approaches to quantum de Sitter space |57[]. A 
plausible working assumption is that such a theory respects appropriate postulates of 
quantum mechanics [|58j . A critical question is how such nonlocal dynamics could reduce 
to usual local, causal physics in appropriate limits. 

Also in the context of eternal inflation and the multitude of apparent vacua of the 
string landscape local QFT methods have produced vexing conundrums. Examples include 
proliferation of "Boltzman brain" observers f59| - |62[1 , and other large numbers. Plausibly 
nonlocal modifications regulate some of the problematic behavior, a proposal being in- 
vestigated from various directions |53]J)7|. Proper description of proto-local observables is 
likely important for such quantum-cosmological issues. 

Sacrificing macroscopic locality seems radical but not in comparison with other prin- 
ciples that would apparently need to be abandoned as alternate resolutions to the informa- 
tion paradox. Moreover, there is apparently not a good case for a precise notion of locality 
in non-perturbative quantum gravity, and there are certainly strong hints of non-locality 
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and the possibility that it could resolve some of our most essential problems. A central 
question remains: what is the underlying "Nonlocal Mechanics?" 
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